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SUMMARY
Earthquake source parameter determination is of great importance for hazard assessment,
as well as for a variety of scientific studies concerning regional stress and strain release and
volcano-tectonic interaction. This is especially true for poorly instrumented, densely populated
regions such as encountered in Africa, where even the distribution of seismicity remains poorly
documented. In this paper, we combine data from satellite radar interferometry (InSAR)
and teleseismic waveforms to determine the source parameters of the Mw 5.9 earthquake
that occurred on 2008 February 3 near the cities of Bukavu (DR Congo) and Cyangugu
(Rwanda). This was the second largest earthquake ever to be recorded in the Kivu basin, a
section of the western branch of the East African Rift (EAR). This earthquake is of particular
interest due to its shallow depth and proximity to active volcanoes and Lake Kivu, which
contains high concentrations of dissolved carbon dioxide and methane. The shallow depth
and possible similarity with dyking events recognized in other parts of EAR suggested the
potential association of the earthquake with a magmatic intrusion, emphasizing the necessity
of accurate source parameter determination. In general, we find that estimates of fault plane
geometry, depth and scalar moment are highly consistent between teleseismic and InSAR
studies. Centroid-moment-tensor (CMT) solutions locate the earthquake near the southern part
of Lake Kivu, while InSAR studies place it under the lake itself. CMT solutions characterize
the event as a nearly pure double-couple, normal faulting earthquake occurring on a fault plane
striking 350◦ and dipping 52◦ east, with a rake of –101◦. This is consistent with locally mapped
faults, as well as InSAR data, which place the earthquake on a fault striking 355◦ and dipping
55◦ east, with a rake of –98◦. The depth of the earthquake was constrained by a joint analysis
of teleseismic P and SH waves and the CMT data set, showing that the earthquake occurred
in the shallow crust, at approximately 8 km depth. Inversions of ENVISAT (Environment
Satellite) and ALOS (Advanced Land Observation Satellite) data place the earthquake at
9 km. A comparison of the scalar moment (9.43 ± 0.06 × 1017 Nm from seismology and
8.99 ± 0.010 × 1017 Nm from the joint InSAR solution) shows good agreement between
the two data sets. Such an agreement is in contrast to the large discrepancies observed (up to
an order of magnitude) in other places along the EAR where similar earthquake sequences
are associated with magmatic intrusion. From this, we infer that the rupture was brittle and
occurred with little aseismic deformation as might be expected from magma injection. Our
results provide insights into the style of rifting occurring in the South Kivu Volcanic Province
and hence will aid future studies on seismic risk in the context of Lake Kivu and underline the
importance of systematic monitoring of the EAR area.
Keywords: Radar interferometry; Earthquake source observations; Seismicity and tectonics;
Body waves; Continental tectonics: extensional; Africa.
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1 INTRODUCTION
On 2008 February 3 at 07:34:12 UTC (09:34 local time), aMw 5.9
earthquake occurred near the cities of Bukavu and Cyangugu, along
the border between South Kivu Province of the Democratic Repub-
lic of Congo and the Rusizi District in theWest Province of Rwanda
(Fig. 1). This earthquake (Bukavu-Cyangugu, or more simply the
Bukavu earthquake) was followed by many felt aftershocks, 10 of
whichwere large enough to be recorded in theUnited StatesGeolog-
ical Survey (USGS) earthquake catalogue. In addition, a temporary
local seismic network composed of three stations installed by Goma
Volcano Observatory (GVO) on February 8 recorded more than 700
aftershocks over the following 3 weeks.
This series of earthquakes caused widespread damage in DR
Congo and Rwanda, with the mainshock being felt as far away as
Nairobi, Kenya, 850 km away.According to local authorities, at least
37 people were killed in Rwanda and seven more in DR Congo. The
United Nations Office for the Coordination of Humanitarian Affairs
Figure 1. Tectonic Map of Lake Kivu basin. Inset displays the location of the Kivu Basin within Africa. Main figure: brown discontinuous line is the
Democratic Republic of Congo–Rwanda political border. White squares and dots marks main cities or places mentioned in the text: Go, BK and CY are
respectively Goma, Bukavu and Cyangugu cities; Bi is Birava village; Ib is Ibinja island, Nyo and Nya are Nyiragongo and Nyamulagira volcanoes. Faults
traces after Villeneuve (1980) are not all confirmed by field investigations. VVP and SKVP are Virunga and South Kivu Volcanic Provinces (light green).
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(OCHA) reported 1090 injured and nearly 5000 buildings damaged
in DR Congo and Rwanda (OCHA 2008).
The Bukavu earthquake was devastating to the region, in part
because of its magnitude, but also due to its shallow depth. To aid
future studies on seismic risk in this densely populated, seismically
active region, we work towards relocating the hypocenter of this
earthquake and determining its scalar moment and faulting mecha-
nism using two independent data sets—teleseismic waveforms and
InSAR data.
For large earthquakes, satellite radar interferometry (InSAR)
(Massonnet & Feigl 1998) has proved to be an important, com-
plementary tool for source parameter estimation. Though InSAR
inversions are unable to differentiate ground deformation resulting
from distinct events closely spaced in time (i.e. between satellite ac-
quisitions), they do not suffer from systematic errors caused by in-
adequate station coverage. In addition, they aremuch less dependent
on velocity models than teleseismic source studies (Mellors et al.
2004). The largest sources of error associated with inverting InSAR
data for source parameters are due to vegetation-induced decorre-
lation and atmospheric artefacts. For moderate-sized earthquakes,
InSAR has been only occasionally successful in determining source
parameters of shallow events occurring in arid or semi-arid areas
(Rigo & Massonnet 1999; Stramondo et al. 1999; Kontoes et al.
2000; Lohman et al. 2002; Amelung & Bell 2003; Dawson et al.
2008; Feigl & Thurber 2009). Fortunately, in this case, although
the Bukavu earthquake occurred in a vegetated, high-relief area,
the coseismic deformation was captured successfully by both the
ENVISAT ASAR and the ALOS PALSAR radar sensors, allowing
the construction of two independent interferograms with favourable
temporal and spatial baselines.
In this paper, we describe the source model resulting from the
inversion of teleseismic waveforms from the Global Seismographic
Network. We use this information, along with inversions from the
ENVISAT and ALOS interferograms, to locate the hypocenter ac-
curately, as well as to constrain source parameters such as scalar
moment and the strike and dip of the ruptured fault. We discuss the
agreement between the results of these two independent methods
with observations from local field investigations and partial reloca-
tion of aftershocks. Finally, we present our results in the context of
the seismic and tectonic history of the region.
2 REGIONAL SETT ING
The East African Rift (EAR) extends over 6000 km from the Afar
Triple Junction in Ethiopia to offshore Mozambique, forming the
divergent boundary between theNubian and Somalian plates (Foster
& Jackson 1998; Stamps et al. 2008). The EAR divides into two
branches surrounding the mechanically strong Tanzanian craton.
Unlike the Eastern branch, the Western Rift experiences intense
seismicity and moderate volcanism.
The Western Rift is formed by the succession of 40–70 km-wide
basins characterized by grabens and half-grabens in 100 km-long
segments (Ebinger 1989; Ebinger et al. 1991). It is here that the
deep and anoxic African Great Lakes are nested. Successive basins
are linked by accommodation zones characterized by oblique-slip
transfer faults and volcanic provinces such as the Virunga (Ebinger
et al. 1989).
The Bukavu earthquake occurred near the southern shore of Lake
Kivu, roughly 100 km south of the city of Goma (DR Congo)
and the active volcanoes of the Virunga chain, Nyiragongo and
Nyamulagira (Fig. 1). While the Virunga volcanic province (VVP)
has been active since the mid-Miocene, the South Kivu volcanic
province (SKVP) is considered extinct, despite evidence of Upper
Cenozoic volcanism (Ebinger et al. 1991). The Bukavu seismic
sequence occurred at the southern end of the asymmetricWest Kivu
basin. Border faults of that rift segment are sub-vertical normal
faults trending mostly North–South (Villeneuve 1980; Delvaux &
Barth 2010). The high throws (2 to 5 km) and the dips ranging
from 40 to 70◦ are inferred from earthquake focal mechanisms
(Ebinger 1989; Morley 1989). They are approximately planar, like
the majority of faults in the EAR and are believed to maintain their
steep dips to depths of 7 km or more (Morley 1989; Ebinger et al.
1991). The rate of extension in this region of the EAR is estimated
at 2.8 mm yr–1 and the average effective elastic plate thickness is
constrained to be 21–36 km (Tessema & Antoine 2003; Stamps et
al. 2008), significantly less than the largely unfaulted Tanzanian
craton (>70 km) (Pe´rez-Gussinye´ et al. 2009).
3 BACKGROUND SE ISMIC ITY
Earthquakes larger than magnitude 5 are uncommon in the Kivu
basin (Barth et al. 2007; Mavonga 2007; Mavonga & Durrheim
2009; Delvaux & Barth 2010). According to the USGS catalogue
(1973 to present), the Bukavu earthquake is the second largest earth-
quake recorded in this area, following the Mw 6.2 earthquake that
occurred on 2002 October 24 in the northern part of Lake Kivu
(Fig. 2).
Besides aftershocks from those two largest events, swarms of
moderate-sized earthquakes also occurred in 1977 and 2002, coin-
cident with the only two recorded fissure eruptions of Nyiragongo
volcano. Indeed, the activity of Nyiragongo and Nyamulagira is be-
lieved to be directly related to the opening of theWestern Rift Valley
(Kasahara et al. 1992; Wauthier et al., in preparation). The 2002
eruption of Nyiragongo, for example, occurred during a regional
rifting event between the volcano and Lake Kivu (Komorowski et
al. 2002/2003; Tedesco et al. 2007). In addition, the 1977 eruption
of Nyiragongo occurred four days after a Mw 5.3 event struck the
Bukavu area (Hamaguchi et al. 1992). Despite the temporal link be-
tween several moderate earthquakes and volcanic activity, it should
be noted that minor to moderate earthquakes occur frequently in
this region and many of these are not linked to eruptions. This is
true both for the Bukavu earthquake itself, as well as for twoM > 4
earthquakes that occurred in 2008 October approximately 50 km
north of Goma, Democratic Republic of Congo.
4 F IELD OBSERVATIONS
Only two days after the Bukavu earthquake, a team of geologists led
by one of the authors investigated the epicentral area where many
damaged buildings were reported (F. Kervyn, private communi-
cation, 2008). Although an extensive search for fault scarps was
conducted, the only visible traces of the earthquake were numerous
ground cracks and small landslides. Extensive damage occurred on
the Birava peninsula area, near the epicentre location provided by
the USGS (Fig. 1). In the village of Birava, the back wall of an old
church was damaged and the bell-tower of a recently erected church
sank a few centimetres into the ground. Fallen unreinforced ma-
sonry walls and sheared pillars were observed at the village school.
Observations were also conducted offshore, on the island of Ibinja,
where casualties were reported. An underwater landslide caused a
30–50-m-wide manioc crop field at the shoreline to slide about 10
m into the lake, causing a local tsunami that swept two villagers
away. Only the upper parts of submerged banana trees were still vis-
ible (Fig. 3). Interestingly, geomorphologic evidence in the southern
C© 2010 The Authors, GJI, 184, 934–948
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Figure 2. Seismicity of the Lake Kivu region as recorded in the USGS
catalogue (1973–2009). Histogram: the total number of events per year is
shaded black. The number of events withmagnitude 5 or greater are drawn in
colour. Map: events with magnitudes less than 5 are drawn in black. Larger
events are drawn in colour, corresponding to the histogram on top. The size
of the circle corresponds to the earthquake magnitude. Maroon triangles
are Holocene volcanoes (Smithsonian Institution Global Volcanism Project)
and dashed lines indicate political boundaries. Note: The increase in events
with time is due to improvements in the seismic network and detection
techniques.
part of the island suggests that landslides have occurred frequently
in this area.
5 SE I SMOLOGY
5.1 Local seismic data
The Bukavu earthquake was followed by several moderate-sized af-
tershocks. Eleven earthquakes, ranging in magnitude from 3.7–5.9,
were recorded in the USGS catalogue. In addition, over 700 af-
tershocks were recorded by a local seismic network, which was
installed on 2008 February 8 and operated for 3 weeks.
This temporary network consisted of six analogue seismometers
equipped with drum recorders, three stations installed in the epi-
central area at Bukavu (BKV), Birava (BRV) and Kabare (KAB)
and three at Lwiro (LWI), Luboga (LBG) and Rusayo (RSY). These
analogue stations complemented the permanent digital seismic net-
work of GVO, which contains six short-period 1 Hz Kinemetrics
seismometers installed at Rusayo (RSY), Bulengo (BLG), Kibumba
(KBB), Kibati (KBT), Katale (KTL) and Observatoire Volcan-
dogique de Goma (OVG) (Fig. 4). Unfortunately, the GVO local
seismic network was not operational during the mainshock, but was
brought online after the event.
The local seismic network was able to record a fraction of the
aftershocks, but several factors must be taken into account when
interpreting the event locations. First, the majority of aftershocks
went unrecorded by the local network. Without the first five days
of measurements, and based on the rate of decay of the aftershock
series observed over three weeks, we conservatively estimate using
the Modified Omori’s law (Utsu 1961) that only 20–40 per cent of
the aftershocks were recorded by the local network. In addition,
out of the 700 earthquakes recorded by the local network, only 68
were recorded by at least four stations, allowing relocation using
Nonlinloc software (Lomax et al. 2000). These events represent 1–4
per cent of the total aftershocks sequence.
In addition to these shortcomings, there are several sources of
error in the aftershock locations. First, the unfavourable geographic
distribution of the seismic stations most likely results in a bias in
the earthquake locations. All the stations of the temporary network
are located west of the epicentre of the mainshock and the GVO
permanent stations are all located at similar distances and in a nar-
row azimuthal range to the north. Secondly, the location errors may
be underestimated because the calculation of hypocenter location
uncertainty assumes a normal distribution of the errors, a condition
that is not met by the available 4–6 phase measurements. Finally, in
the absence of a detailed local velocity model, we use a simple 1-D
model derived from velocity structure investigations by Bonjer et
al. (1970) and Bram (1975) (Table 1).
The results of local seismic observations show a clustering of
epicentres in a 40 × 20-km-wide zone south of Lake Kivu (Fig. 4).
This area is too large to be associated with an identified fault or
specific geologic structure. In addition to the plausible epicentral
location bias, it is not clear whether the aftershocks recorded a few
days after the mainshock are related to slip on the same fault, or
to reactivation of one of the numerous nearby faults. Similarly, it is
difficult to determine the depths of the earthquakes. The aftershocks
cluster at shallow depths of a few kilometres and in a deeper zone
around 15 km depth, though these depths are strongly dependent on
the velocity model. Performing the same calculation using slightly
different velocity models showed dramatic differences in the es-
timated clustering depths. In addition, the effect of the steep and
highly faulted topography (500 m deep lake surrounded by 2–5 km
high escarpments) is not modelled and may be significant.
5.2 Centroid-moment-tensor solutions
In the absence of an operational local seismic network during the
mainshock, we use data from the Global Seismographic Network
to determine the focal mechanism, depth and scalar moment of the
Bukavu earthquake. Our inversion is supplemented by additional
data from the SEARIFT and Afar Consortium seismic arrays in
Ethiopia (Ebinger et al. 2010). Centroid-moment-tensor (CMT) so-
lutions were calculated following the methods of Dziewonski et al.
(1981) and Arvidsson & Ekstro¨m (1998). In these methods, the
moment tensor and source centroid are estimated by matching ob-
served three-component seismograms to synthetic waveforms cal-
culated by a summation of normal modes. Both body and surface
waves were used in the inversion and care was taken to ensure that
solutions were based on waveforms from a variety of azimuths and
distances.
The moment tensor resulting from the CMT analysis shows a
nearly pure double-couple, normal-faulting earthquakewith a scalar
C© 2010 The Authors, GJI, 184, 934–948
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Figure 3. View of the landslide on Ibinja Island (located by the arrow in the inset). The ellipse encircles the top of banana trees now underwater. Viewing
directions are marked on both side of the picture. The landslide rupture has replaced the previously gentle slope of the shoreline.
moment of 9.43 ± 0.06 × 1017 Nm. The motion on one of the best-
fitting nodal planes is described by the following angles: strike 350◦,
dip 52◦ and rake –101◦ (Table 3). The data are best fit by a shallow
depth for the source centroid and the final solution was calculated
for a fixed depth of 12 km, the shallowest depth normally used in
the CMT analysis.
CMT solutions were also calculated for two of the largest af-
tershocks (Mw 5.0 on 2008 February 3 10:56:10 and Mw 5.3 on
14 February 2:07:47), which similarly were found to have normal-
faulting focal mechanisms and shallow focal depths (Fig. 5). The
centroids of these three earthquakes are located a few kilometres
away from the cluster of seismicity recorded by the local network.
However, their locations are not inconsistent with a mainshock epi-
centre there considering typical uncertainties in the estimate of the
long-period centroid (Smith & Ekstro¨m 1996).
5.3 Broadband seismic analysis
To constrain the focal depth of the earthquake, we performed a
joint inversion of broadband teleseismic P and SH waveforms and
the CMT data set using the methods of Ekstro¨m (1989). In the
analysis, teleseismic broadband waveforms are used in an inversion
for focal mechanism, focal depth and source time function. The
CMT estimate of the point source moment tensor is included as
a priori information in the inversion to ensure that source models
calculated from the broadband data are compatible with the long-
period data used in the CMT analysis.
We begin by filtering each waveform to broadband displacement
pulses (1–100 s period) by direct deconvolution of the instrument
transfer function. SHwaveforms are obtained by rotating the filtered
horizontal records to the transverse direction. Synthetic P and SH
seismograms are calculated using ray theory and the Preliminary
Reference Earth Model (PREM; Dziewonski & Anderson 1981).
Reflections and conversions near the source are included in the
calculation by using a layer matrix method for a regional velocity
model. Again, we use the velocity model derived from velocity
structure investigations by Bonjer et al. (1970) and Bram (1975),
which was used to locate earthquakes in this region (Kavotha et al.
2002/2003; Mavonga et al. 2006; Mavonga 2007; Table 1).
The results from the best fitting source model can be seen in
Fig. 6. Overall, there is excellent agreement between observed and
synthetic P waveforms. The SH waveforms show less agreement as
is typical, but the main features of the SH waveforms are modelled
adequately. The best fitting broadband source model has a focal
mechanism that is very similar to the CMT solution and a centroid
depth of 8 ± 2 km. Thus, from our seismological data analysis, we
conclude that the Bukavu earthquake is a normal faulting earth-
quake, with a source in the shallow crust.
6 GEODESY
6.1 Satellite radar interferometry (InSAR)
Interferometric synthetic aperture radar (InSAR) has been used suc-
cessfully to measure ground deformation with a tens-of-meters spa-
tial resolution and accuracy of centimetres to sub-centimetres over
broad areas, typically in satellite images measuring 100 by 100
square kilometres (Massonnet & Feigl 1998). The resolution in
the line of sight (LOS) direction depends on the radar wavelength.
C© 2010 The Authors, GJI, 184, 934–948
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Figure 4. Local seismicity located by the temporary seismic network and the Goma Volcano Observatory seismic network from 2008 February 8–30. Among
the 700 aftershocks detected by these networks, only 37 could be located with an estimated horizontal error (ERH) of less than 10 km (dark grey circles). Green
and orange stars, respectively show the location of the 2008 Bukavu-Cyangugu mainshock obtained from the geodetic inversion and the teleseismic data (this
study). Inverted yellow triangles are the seismic stations; thin yellow lines are the political borders.
The European Space Agency (ESA) ENVISAT satellite is equipped
with a C-band ASAR sensor with a wavelength of 5.6 cm. The
Japanese Space Agency (JAXA) ALOS satellite uses a 23.6-cm
wavelength L-band PALSAR (Phase Array type L-band Synthetic
Aperture Radar) sensor. One colour cycle (or fringe) depicted on an
interferogram represents a phase delay of half the wavelength. This
represents a possible ground displacement of 2.8 cm (ENVISAT)
or 11.8 cm (ALOS) in the LOS.
For large earthquakes, InSAR has proved to be an important tool
for source parameter estimation (Bu¨rgmann et al. 2000; Dawson
& Tregoning 2007; Pritchard & Fielding 2008; Biggs et al. 2009a
and references therein). This method is independent of the seismic
inversion and does not suffer from uncertainties associated with
Table 1. Velocity model after (Bonjer et al. 1970) and (Bram, 1975).
Thickness (km) Vp (km s–1) V s (km s–1)
0.0 4.0 2.31
3.0 6.0 3.46
20.0 6.7 3.87
30.0 7 4.04
inadequate station coverage and is relatively independent of velocity
models (Mellors et al. 2004). However, InSAR cannot differentiate
between distinct episodes of ground deformation that occur close
together in space or between satellite acquisitions.
When the coseismic ground deformation is small, as in the case
of moderate sized earthquakes, InSAR can only be used under
favourable conditions, such as if the earthquake is shallow or oc-
curs in an arid or semi-arid area. Lohman&Simons (2005), studying
thrust earthquakes of magnitude 4.5>Mw > 5.5 in Iran, concluded
that, in principle, it would be possible to detect earthquakes of mag-
nitudes 4 and 5 if they are shallower than 5 and 15 km, respectively.
In practice, however, InSAR proves only occasionally useful for the
study ofMw < 6.0 earthquakes (Rigo&Massonnet 1999; Stramonto
et al. 1999; Kontoes et al. 2000; Lohman et al. 2002; Amelung &
Bell 2003; Dawson et al. 2008; Feigl & Thurber 2009). Mellors et
al. (2004) performed a study of four moderate-sized, shallow strike-
slip and thrust earthquakes in southernCalifornia, where the seismic
station coverage is among the best in the world and found that the
InSAR-derived estimate of hypocenter depth was ‘good and better
than the seismic constraints in some cases’, concluding that InSAR
can provide reliable source parameters of shallow, moderate-sized
earthquakes in areas that lack dense seismic networks.
C© 2010 The Authors, GJI, 184, 934–948
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Table 2. Parameters of the ENVISAT and ALOS radar data.
Satellite Orbit number Look angle
Wavelength Date Perp. baseline Altitude of ambiguity Mode
ENVISAT ASAR 30650–31151 125 m 82 m 22◦
C-band (5, 6 cm) 2008 Jan. 10–2008 Feb. 14 Desc. Orb.
ALOS PALSAR 10280–11622 111 m 507 m 34◦
L-band (23,6 cm) 2007 Dec. 29–2008 Mar. 30 Asc. Orb.
Table 3. Source parameters (centroid) of the 2008 Bukavu-Cyangugu earthquake estimated from the seismic and geodetic inversions. Uncertainties (1 σ ) given
in the table are standard deviations; it is not meant as the accuracy. The accuracy of the epicentre location from the Broadband + CMT solution is typically an
order of magnitude lower than ± 0.01 degree in Lat./Long uncertainty (i.e. of the order of a kilometre). Similarly, assumptions about isotropy and rehology of
the medium may also impact the source parameters accuracy up to few per cent (see Section 7.3 for discussion).
Inversion data set Depths (km) Dip (Deg) Strike (Deg) Rake (Deg) Latitude (Deg) Longitude (Deg) Moment (1017 Nm)
ENVISAT 9.3 ± 0.6 46.6 ± 2.5 351.5 ± 10.0 –91.5 ± 14.3 28.9425 ± 0.0009 –2.4060 ± 0.0036 9.61 ± 0.10
ALOS 9.8 ± 0.3 63.0 ± 0.5 352.3 ± 0.5 –92.5 ± 15.7 28.9196 ± 0.0006 –2.4216 ± 0.0004 11.64 ± 0.02
Joint ENVISAT+ALOS non-weighted 8.9 ± 0.3 58.6 ± 0.8 352.4 ± 1.6 –105.2 ± 16.6 28.9260 ± 0.0006 –2.4219 ± 0.0020 9.79 ± 0.004
Joint ENVISAT+ALOS weighted 8.9 ± 0.4 55.1 ± 1.4 354.5 ± 1.4 –97.9 ± 15.9 28.9299 ± 0.0850 –2.4145 ± 0.369 8.99 ± 0.010
Broadband+CMT 7.8 ± 2.0 51.5 350.1 –100.6 28.74 ± 0.01 –2.45 ± 0.01 9.43 ± 0.06
Fortunately for our analysis, Bukavu is located south of the
Virunga volcanic chain, which has been systematically monitored
by satellite radar interferometry since 2005 (d’Oreye et al. 2008).
The rich ENVISAT database allowed us to compute an interfero-
gram with baseline conditions favourable enough to overcome the
dramatic vegetation-induced decorrelation (Table 2). The 2008 Jan-
uary 10–February 14, ENVISAT interferogram shows a single de-
formation pattern with a peak-to-trough LOS deformation of about
10 cm (Fig. 7d). Independently, a pair of ALOS PALSAR L-band
images spanning 2007 December 29—2008 March 30 allowed the
computation of a second interferogram that shows a similar pat-
tern (Fig. 7a). As the patterns of deformations are consistent (given
the difference of looking angle) between the two interferograms,
which were calculated using images recorded by different sensors
on different dates, we rule out the possibility that the observed
deformation is strongly affected by atmospheric artefacts.
The ENVISAT interferogram was computed using the open-
source Doris software from the Delft University of Technology
(Kampes et al. 2003) and the ALOS interferogram with the
ROI_PAC software (Rosen et al. 2004). We used the NASA Shuttle
Radar Topography Mission (SRTM) digital elevation models pro-
vided by the USGS to remove the topographic phase (Farr et al.
Figure 5. Focal mechanisms from the teleseismic data (this study) for the mainshock (2008 February 03, 7:34:13) and for two aftershocks (northern is
2008 February 14, 2:07:47, southern is 2008 February 03, 10:56:10). Red dots show the USGS National Earthquake Information Centre’s locations for
earthquakes within a month of the mainshock. The green triangle shows the location of the rupture fault obtained from the geodetic inversion (this study).
C© 2010 The Authors, GJI, 184, 934–948
Geophysical Journal International C© 2010 RAS
Source parameters of 2008 Bukavu earthquake 941
Figure 6. Depth determination for the 2008 Bukavu-Cyangugu earthquake. Broadband teleseismic P and SH waveforms (solid) and calculated synthetic
seismograms (dashed) are shown in the upper and lower panels respectively. Brackets across these curves show the time window being inverted and the arrows
show the picked first arrivals. The station names and maximum amplitude (in microns) are printed for each waveform. The focal mechanism corresponding
to the full moment tensor solution and the source time function determined by the inversion are also shown. The top focal mechanism shows both the non-
double-couple and double-couple solutions from broadband and CMT analysis. The shaded focal mechanism corresponds to the non-double-couple solution
from broadband analysis.
2007). SNAPHU software was used for phase unwrapping (Chen &
Zebker 2001).
Given the rather simple morphology of the deformation mapped
by InSAR, the data were subsampled homogeneously to a resolution
of 150 m. Only areas with coherence above 0.2 were considered
during the source inversion (Fig. 7)
6.2 Modelling and inversion
The fault plane geometry was modelled using a rectangular dislo-
cation with uniform slip embedded in a homogeneous, isotropic,
elastic half-space (Okada 1985). Nine parameters are solved for
in the inversion: the depth, the latitude and longitude of the
C© 2010 The Authors, GJI, 184, 934–948
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Figure 7. Coseismic ground deformation (range displacement – positive away from the satellite, in cm) and models for uniform slip inversion for the 2008
Bukavu-Cyangugu earthquake. (A): Unwrapped ascending track ALOS PALSAR interferogram spanning 2007 December 29–2008 March 30. (D) Unwrapped
descending track ENVISAT ASAR interferogram spanning 2008 January 10–2008 February 14 (see Table 2 for details). Corresponding best-fit models of a
uniform slip elastic dislocation are shown in (B) and (E). The black solid rectangle indicates the projection of the fault rupture onto the surface and the dashed
line shows where the fault, if lengthened, would cut the surface. Residuals are shown in (C) and (F). Panels (G) and (H) zoom in the residuals around the fault
area (ALOS and ENVISAT, respectively) with a higher resolution colour scale. Contour lines in each panel depict a 2.8 cm range displacement.
top of the fault plane, the amount of dip- and strike-slip along
the fault, the dip and strike angles and the width and length of the
dislocation.
The deformation map was inverted using an unconstrained direct
search, non-linear optimization algorithm based on the downhill
simplex method of Nelder &Mead (1965). This method has the ad-
vantage of converging relatively quickly to a solution thatminimizes
the squared misfit between the observed and predicted LOS defor-
mation. However, it is not a global optimization method. For this
reason, we randomly choose the starting parameters within broad
bounds to generate 100 uniformly distributed samples.
For each of the nine parameters in the inversion, the histogram of
the set of best-fit solution parameters is approximated by a Gaussian
from which we select the mean value as the optimal solution and
estimate the standard deviation. Fig. 8 shows the distributions of
the solution parameters, which appear normal.
Inversions were computed for each ENVISAT and ALOS data set
alone, as well as a combined inversion. To account for the different
uncertainties in InSAR data due to the wavelength difference be-
tween L- and C-band, we also performed a weighted joint inversion
minimizing the misfit function
ε= RtWR,
where R = (d – m) is the residual vector, W is the weighting
matrix (W = Qdd−1), d is the observation vector formed as d =
[dL−band1, . . . , dL−bandk, dC−band1, . . . dC−bandn] and m is the simu-
lated ground displacements for a given set of model parameters
corresponding to the location and incidence (track azimuth) angle
of the data points of d. It is reasonable to consider that errors in
the data affect independently and equally all pixels within the in-
terferograms. We hence consider the covariance matrix as diagonal
(Qdd = σ dd), where σ has been assumed for L-band and C-band as
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Figure 8. Frequency histograms of the 9 parameters determined from 100 independent runs of the inversion algorithm. Histograms represent the 100 best-fit
solution parameters (dark grey bins) obtained from joint inversions of ENVISAT and ALOS ground deformation maps. The optimal solution for the nine
parameters is estimated from the mean value of the best-fit Gaussian (black curve). The starting parameters for each of the 100 inversions were chosen randomly
within broad bounds: the depths of the top of the fault (2–10 km), the latitude (2.3624–2.4796◦S), the longitude (28.9973–28.8531◦E), the amount of dip-slip
(–0.25–2.5 m) and strike-slip (–0.2–0.2 m), the dip (30–75◦) and strike angles (–25–25◦) and the width (5–15 km) and length (5–15 km) of the dislocation.
one-sixth of the corresponding radar wavelength (i.e. one-third of
an interferometric fringe). The weighted and non-weighted inver-
sions lead to very similar results although the weighted inversion
slightly lowers the estimated scalar moment.
Results of the inversions are shown in Table 3 and Figs 7–9.
All the inversions of the geodetic data sets place the epicentre in
the southern part of Lake Kivu, a few kilometres away from the
centroid location determined by CMT analysis. The earthquake is
estimated to have a centroid depth of approximately 9 km (see Table
3 for the detailed results of the single and joint data sets inversions).
The values of the strike, dip and rake for the best-fitting fault from
the weighted joint inversion are 355◦, 55◦ and –98◦, respectively,
and are consistent with the results from the seismic inversion. The
scalar moment estimated from the joint inversion (8.99 ± 0.004
× 1017 Nm) differs less than 5 per cent from for the scalar moment
estimated by the seismic inversion.
A matrix plot of the 100 best fitting parameters (Fig. 9) shows
the correlation between each of the nine parameters. A linear trend
in a scatter plot indicates a possible trade-off between two param-
eters. For instance, there is a linear trend between depth and the
amount of dip-slip motion, so a deeper source would have to slip
more to produce similar surface ground deformation. In the absence
of additional data (e.g. InSAR data with a different look angle and
geometry) it is not possible to constrain the source parameters fur-
ther. However, the uncertainties and possible trade-offs remain low
enough for an accurate source parameter assessment and the re-
sults are in good agreement with those obtained using seismic data.
Moreover, the InSAR analysis provides us with the accurate epi-
centre location, which is the least resolvable parameter from our
seismic study in the absence of local data.
7 D ISCUSS ION
7.1 The rupture plane
Although seismic and geodetic inversions provide uswith consistent
results, both methods suffer from the same limitation in discrimi-
nating the rupture plane among the two nodal planes. In this paper,
we have only described a rupture plane dipping roughly 60◦ east,
however a rupture plane dipping to the west is also consistent with
the data. Both seismic and geodetic inversions identified the second
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Figure 9. Matrix plot of the 100 best-fitting solutions for each of the 9 inverted source parameters of the 2008 Bukavu-Cyangugu earthquake estimated from
ENVISAT and ALOS InSAR data.
nodal plane as dipping respectively 39.7◦ or 30◦ west, with a rake
of –77◦ or –71◦ and striking to 186◦.
Without additional data such as identified surface rupture or
strong motion records, it is difficult to remove the ambiguity inher-
ent to the double-couple source mechanism. Neither the mainshock
nor its aftershocks can be attributed to a specific identified fault and
the area is characterized by numerous small grabens bordered with
east- and westward dipping faults (Villeneuve 1980; Ebinger 1989;
Fig. 1). Nonetheless, the East 60◦ dipping nodal plane is most likely
the rupture plane since low angle ruptures are not usually favoured
in extending brittle layers (Buck 1988; Morley 1989 and references
therein; Lerch et al. 2010). Also, geophysical and geological obser-
vations from the EAR usually depict high-angle border faults that
maintain their dips to depths of 7 km or more (Ebinger et al. 1991
and references therein, Morley 2002). Rare occurrences of exposed
low angles faults in the East Kivu basin are recognized as originally
steep fault planes rotated to a shallower angle during shallow local
slides. (Ebinger 1989).
7.2 Assessment of potential magma-tectonic interaction
Considering the large number of moderate-sized earthquakes oc-
curring during the Bukavu sequence, it was reasonable to suspect
the presence of magma-tectonic interaction. However, the seismic
moment estimated from the CMT inversion differs by less than 5
per cent from the geodetic moment estimated from InSAR. This is
in contrast to the large (up to one order of magnitude) discrepancy
observed for example, in Northern Tanzania, Ethiopia, Saudi Ara-
bia or Iceland. In these volcanic rift zones the observed geodetic
signal that could not be explained by the seismicity was shown to
be associated to magmatic dyke intrusion (Feigl et al. 2000; Wright
et al. 2006; Pagli et al. 2007; Calais et al. 2008; Ayele et al. 2009;
Biggs et al. 2009b; Grandin et al. 2009; Hamling et al. 2009; Keir et
al. 2009; Baer & Hamiel 2010; Pallister et al. 2010, and references
therein).
The present agreement suggests that the observed deformation is
coseismic and related to a brittle rupture with almost no aseismic
slip. We conclude that the Bukavu sequence did not involve magma
movement, at least at shallow depth.
7.3 Impact of the homogeneous half space assumption
Geodetic data were inverted assuming a rectangular dislocation
embedded in a homogeneous half space. The impacts of these as-
sumptions on source parameter estimation have been investigated
for various sources of ground deformation such as tensile sources,
slow slip, as well as thrust, strike-slip and normal faulting mech-
anisms (e.g. Cattin et al. 1999; Lohman et al. 2002; Bonaccorso
et al. 2005; Dawson et al. 2008; Dubois et al. 2008; Masterlark &
Hughes 2008; Montgomery-Brown et al. 2009).
For normal faulting dislocation, theoretical studies show that the
homogeneous half space hypothesis compared to a multilayered
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medium might result in a depth underestimation of typically up to
10–15 per cent. The slip might be overestimated of about 3–10 per
cent. On the other hand the dip angle would vary by less than 2◦
(Cattin et al. 1999; He et al. 2003). These numbers can hence be
considered as bounds to the accuracy of our inversion results.
Similarly, results from inversion of seismic data using a homoge-
neous velocitymodel similar to the homogeneous half space used for
the inversion geodetic data do not change significantly the results.
The focal mechanism and source time function look nearly identical
to the solution obtained with the simple 1-D velocity model. Only
the depth is <600 m shallower, which is well within the estimated
uncertainty of 2 km.
In any case, such a level of uncertainty is much lower than the
factor 2–10 expected in the discrepancy between the geodetic and
seismic moment estimates in the case of magma assisted opening
and hence do not impact our conclusion ruling out magma intrusion
(Biggs et al. 2010).
7.4 Implication in terms of natural hazards assessment
Strain accommodation by magma intrusion functions to decrease
the amount of extension accommodated by fault-slip in the vol-
canically active sectors of the eastern branch of the EAR (Parsons
& Thompson 1991; Keir et al. 2006; Ebinger et al. 2008). This
combined with the thermal weakening of the lithosphere caused by
higher rates of heat flow associatedwithmagmatism (e.g. Ebinger&
Hayward 1996) and the ability of magma intrusion to accommodate
extensional strain at lower stresses than brittle faulting (e.g. Rubin
1992; Bialas et al. 2010), all function reduce the likelihood of large
magnitude earthquakes in magma-rich extensional environments.
For example the low-magnitude tectonic earthquakes recorded in the
VVP (generally≤Mw 4) contrast with stronger events recorded else-
where in the Kivu basin (≤Mw 6.2) and with major events recorded
in the adjacent Albertine and Tanganyika basins (≤Mw 7). In the
less mature western branch, aside from volcanic provinces, most of
the extension is accommodated through slip along the basins’ bor-
der faults (Albaric et al. 2009;Mavonga&Durrheim 2009; Delvaux
& Barth 2010).
The mode of extension in the SKVP is less well understood. Pre-
rift volcanism started in the East Kivu basin with fissure eruptions
of tholeiitic lavas in the mid-Miocene (10–7.5 Myr). The volcan-
ism transitioned to alkali-basaltic lavas erupted in localized rifts
during the opening of Lake Kivu (7.5–5 Myr). Volcanism ended ap-
proximately 175 000 years ago, with small volcanic eruptions close
to the main active faults that bordered the rift valley to the west
(Pasteels et al. 1989; Kampunzu et al. 1998; Furman & Graham
1999; Ebinger & Furman 2002/2003).
Even though volcanism initiated more recently in the SKVP than
in the VVP, no active volcanoes are located in the SKVP, while Nyi-
ragongo and Nyamuragira are still very active (Smets et al. 2010).
The present finding that the Bukavu earthquake is not associated
with magmatic activity favours a mode of rift opening in which
crustal extension is accommodated seismically. If extension in the
SKVP is mainly accommodated by fault slip, rather than via mag-
matic intrusions, this implies an increased risk for large, potentially
destructive earthquakes in this region.
Unfortunately, due to the insecurity in the region, detailed studies
of structural geology and the collection of geodetic and seismic data
is not currently possible. The remotely sensed topographic maps
(SRTM–Farr et al. 2007) do not have sufficient resolution for in-
depth geomorphologic studies and optical imagery is affected by
dense vegetation.
Hence we lack the data required to infer the locations and dimen-
sions of faults that are needed to assess the seismic efficiency—
the ratio between the observed and expected seismic moment—
allowing an estimation of the fractions of extension accommodated
seismically and aseismically (Hofstetter & Beyth 2003).
Finally, even if an in-depth discussion of the related risk in the
Kivu basin is beyond the scope of the present paper, it is clear that
the vulnerability of the Bukavu area remains high due to potential
larger earthquakes in neighbouring basins. For instance Mavonga
& Durrheim (2009) estimates that the maximum earthquake mag-
nitude expected for the Kivu basin is 6.7 and from his work, one
can assess a return period of about 200 yr. Such an assessment
has important implications for related risks in this landslide-prone
area (Moeyersons et al. 2004) located on the shores of Lake Kivu,
which contains high concentrations of dissolved carbon dioxide and
methane (Schmid et al. 2005; Tassi et al. 2009). Unlike Lake Nyos
and Lake Monoun in Cameroon (Kling et al. 1987), the waters of
Lake Kivu are not yet saturated with these gases (Nayar 2009).
However a mixing event caused by a large magma intrusion, land-
slide or earthquake could force overturn as has occurred in the past
(Haberyan & Hecky 1987).
8 CONCLUS IONS
Independent inversions of seismic and two unrelated geodetic data
sets, supplemented with local field and seismic observations, have
established that the Bukavu earthquake occurred under southern
Lake Kivu at a shallow depth of 9 km. Modelling suggests that this
earthquake occurred on a normal fault striking N–S and dipping
50–60◦ eastward consistent with geophysical and geological obser-
vations in the area, although a shallow-dipping fault plane cannot
be ruled out from the analysis of our data.
The good agreement between results derived from seismic and
geodetic data illustrates that earthquake source parameters can be
accurately estimated from InSAR, even in the case of a moderate-
sized earthquake in a vegetated area.
The similarity between the geodetic and the seismic moments
suggests that the observed deformation is almost entirely coseis-
mic and related to a brittle rupture, which leads us to discard the
hypothesis of magma involvement at shallow depth.
The present results are especially important for the assessment
of the long-term style of extension along that portion of the rift
and the related hazards. This study also shows the importance of
carrying out systematic monitoring of the EAR using InSAR, as
well as maintaining an archive of acquired images. In addition, it
is imperative that the local seismic network be improved so that
seismic risk can be better quantified.
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